ABSTRACT. Progeny performances, variations and combining abilities for growth traits were evaluated in a factorial mating design of Eucommia ulmoides. Three marker systems, sequence-related amplified polymorphism, amplified fragment length polymorphism, and intersimple sequence repeat, were used to determine genetic distances between parents. Correlations of genetic distances with progeny performances, within-family coefficients of variation and specificcombining abilities were established for height and basal diameter traits. Significant positive correlations were found between progeny performances of growth traits and genetic distances of parents based on sequence-related amplified polymorphism markers or a combination of all 3 marker systems. This revealed that crosses between genetically distant parents produced progenies with excellent growth performances. The lack of correlations between parental genetic distances and withinfamily coefficients of variation or specific-combining abilities suggested that these characteristics were unpredictable. The results of this study Progeny performance and genetic distances in E. ulmoides represent a potential criterion to predict progeny performances and choose parents in the breeding program.
INTRODUCTION
Eucommia ulmoides Oliv., whose bark and leaves have been proven to possess medicinal activity, is one of the unique commercial tree species in China. Historically, only the bark was officially recognized as a traditional Chinese tonic drug. However, modern scientific research has reported that chemical constituents in the leaves of E. ulmoides are similar to those in the bark, and the pharmaceutical effects are also similar (Takamura et al., 2007) . These constituents have high pharmacological activities and health care functions, such as lowering blood pressure (Kwan et al., 2004) and sugar (Lee et al., 2005) , antioxidant (Hsieh and Yen, 2000) , and anti-mutation (Nakamura et al., 1997) . Eucommia rubber, obtained from the seeds, bark, and leaves, is a hard rubber with thermoplasticity, and it has properties that are similar to those of plastic (Nakazawa et al., 2009) . The E. ulmoides male flower is abundant in bioactive constituents, and it is suitable to be developed as a health-care flower tea (Dong et al., 2012) . Currently, E. ulmoides is widely cultivated in low mountains and hills of central China and has been introduced to other parts of the world, such as Russia, Japan, Korea, Europe, and America.
Because the prospects of exploitation and utilization are very extensive, E. ulmoides breeding programs have been carried out to select excellent clones from different parts of China . Genetic improvement strategies for E. ulmoides should include crosses between divergent clones and progeny breeding to achieve the largest gains per unit effort, but it is an expensive and time-consuming endeavor. Moreover, with respect to forest trees, delays before assessing individual performances are long, and a strategy for predicting heterosis before making the crosses and thereby reducing the number of combinations to be tested would be particularly desirable. Many observations and studies consistently provided evidence that there is a correlation between the genetic distance of parents and progeny performance or heterosis for most crops (Zhang et al., 1996 (Zhang et al., , 2007 Hale et al., 2007; Devi and Singh, 2011; Benin et al., 2012) and several forest trees (Vaillancourt et al., 1995; Kopp et al., 2002; Dias et al., 2003) . In these studies, genetic distances were estimated by molecular markers involving restriction fragment length polymorphism, random amplified polymorphic DNA, simple sequence repeat, amplified fragment length polymorphism (AFLP), sequence-related amplified polymorphism (SRAP), and inter-simple sequence repeat (ISSR). The correlation between the genetic distance of parents and progeny performance suggests a potential prediction of heterosis and selection of parents.
Our goal in this study was to investigate the relationships between genetic distances of the parents and progeny performances, variations or specific-combining abilities (SCA). The different steps of the study were: 1) to assess progeny performances, variations and combining abilities based on a factorial mating design; 2) to estimate genetic distances of the parents using SRAP, AFLP, and ISSR markers; and 3) to study the relationships between genetic distances and growth performance, variations or SCA of the progenies. It is expected that marker-based genetic distance may be utilized as a guide to predict progeny performances and choose parents in the breeding program.
MATERIAL AND METHODS

Plant materials and field experiments
The plant materials of this study consisted of a factorial mating design involving 5 clones as female parents and 5 clones as male parents (Table 1 ). All parents were produced by researchers through controlled breeding of clones collected from different parts of China . Eight clones were planted in the village of Yantuo, Lingbao, Henan Province, and 2 clones (Qinzhong No. 1 and Qinzhong No. 2) were planted in the museum garden of Northwest A&F University. Controlled pollination was performed in the village of Yantuo in April 2009, and seeds were collected in October and stored at 4°C. Seeds were sown in germination cups in March 2010, and seedlings were transplanted to a greenhouse until the next spring. Unfortunately, technical problems in the controlled pollination and planting prevented the mating design from being complete and balanced, and 24 families survived except the family of Yanci x Longguai (Table 2) . Field experiments were carried out in the nursery of Northwest A&F University in March 2011, and a complete randomized block design was used with 3 replications and 20-tree plots. Height and basal diameter of the seedlings were measured in October 2011 after approximately 7 months of growth.
SRAP, AFLP and ISSR markers
Genomic DNA was extracted from leaves of the parental trees by a modified cetyltrimethylammonium bromide procedure (Porebski et al. 1997) . Three marker systems, SRAP (10 primer combinations), AFLP (10 primer combinations), and ISSR (10 primers), were used to determine genetic distances between parents. The SRAP reactions (25 μL final volume) contained 30 ng DNA, 2.5 mM Mg 2+ , 0.2 mM dNTPs, 1.5 U Taq DNA polymerase, 0.4 μM forward primer, 0.4 μM reverse primer, and 1X polymerase chain reaction buffer, and the amplification program was carried out as described by Li and Quiros (2001) . The AFLP and ISSR reactions were performed according to the protocols of Wang et al. (2011) and Wu et al. (2011) , respectively. Amplification products were separated on 6% polyacrylamide gels and visualized by silver nitrate staining.
Data analyses
The presence and absence of DNA fragments were recorded for each parent, and the Progeny performance and genetic distances in E. ulmoides genetic similarity Sij between parents was calculated in NTSYS-PC version 2.1 (Rohlf, 1998) using Nei and Li's statistics (Nei and Li, 1979) :
where Nij is the number of DNA fragments shared by both parents i and j, Ni is the total number of DNA fragments presented by parent i, and Nj is the total number of DNA fragments presented by parent j. Similarity matrices were transformed to genetic dissimilarity matrices according to the following equation:
where Dij is the genetic distance between each parental pair i and j. Progeny performances, variations, general-combining abilities (GCA), and SCA were investigated for height and basal diameter according to the methods of Wei et al. (2012) . Correlations between the genetic distances of the respective parents and progeny performances, within-family coefficients of variation and SCA were calculated for each quantitative trait. The statistics was carried out using SPSS (Statistical Product and Service Solutions) 13.0 for Windows.
RESULTS
Progeny performances, variances, and combining abilities
Analyses of variance indicated that highly significant phenotypic variations (P < 0.01) among the 24 families were found for the height and basal diameter traits. Table 2 ). The high amount of variability offered an opportunity to select for superior individuals within families.
The pooled analysis exhibited significant variance (P < 0.05) for the female GCA to height and highly significant variance (P < 0.01) for diallel set effects to basal diameter. Female Xiaoye and male Qinzhong No. 1 were found to be good general parents while the cross Huazhong No. 2 x Qinzhong No. 1 was identified as a good specific combination with the highest SCA effects both in height (11.105) and basal diameter (13.500) ( (Table 2 ). An SCA with a higher magnitude than that of GCA indicated that non-additive gene action had a crucial effect in determining the height and basal diameter traits.
Marker polymorphisms and genetic distances
The 10 parental lines were surveyed with 3 different marker systems: SRAP, AFLP and ISSR. Ten SRAP primers generated 235 amplified products, of which 209 DNA fragments were polymorphic with an average of 20.9 polymorphic DNA fragments per primer. The polymorphic ratio was 88.94%. In the case of the AFLP markers, 10 primers generated 192 amplified products, of which 123 DNA fragments were polymorphic with an average of 12.3 polymorphic DNA fragments per primer. The polymorphic ratio was 64.06%. For ISSR markers, 10 primers generated 147 amplified products, of which 129 DNA fragments were polymorphic with an average of 12.9 polymorphic DNA fragments per primer. The polymorphic ratio was 87.76%. The maximum number of DNA fragments was produced by the SRAP primer MeACC/ EmCAA, for which all 45 DNA fragments that were produced were polymorphic. Table 2 . Family means (M), coefficients of variation (CV, %), general-combining abilities (GCA), specific-combining abilities (SCA) and number of trees (N) of full-sib families for height (H, cm) and basal diameter (D, mm).
Genetic distances based on 209 SRAP markers (GD srap ), 123 AFLP markers (GD aflp ), 129 ISSR markers (GD issr ) and all of the 461 markers (GD total ) were computed (Table 3) . GD srap ranged from 0.206 to 0.359, with an average of 0.269; GD aflp ranged from 0.252 to 0.500, with an average of 0.347; GD issr ranged from 0.240 to 0.442, with an average of 0.346; and GD total ranged from 0.234 to 0.377, with an average of 0.311. No significant correlation among these GDs was observed. Table 3 . Genetic distances (GD) between parents consisting of a factorial mating design.
Relationships between genetic distance and progeny performance, within-family variability, and SCA GD srap , GD aflp , GD issr , and GD total were used for correlation analysis with progeny growth performances (family means), within-family coefficients of variation, and SCA (Table  4 ). Significant correlation coefficients were detected between progeny growth performances and GD srap (Figure 1 ) and between progeny growth performances and GD total (Figure 2) . However, GD aflp and GD issr showed no significant correlations with progeny growth performances, except for GD issr with height trait. All of the other correlations, including those between genetic distances and within-family coefficient of variation or SCA, were low and non-significant. When individual marker systems were used to estimate genetic distances, the SRAP-based genetic distances were always more highly correlated with height and basal diameter than AFLP-and ISSR-based genetic distances. Regardless of the traits, genetic distances based on the combination of all 3 marker systems had a higher correlation with progeny growth performances than genetic distances based on any single marker system. Table 4 . Correlation coefficients (probability values in parentheses) of genetic distances with hybrid performances (family means, M), coefficients of variation (CV), and specific-combining abilities (SCA).
*,**Significant at P = 0.05 and P = 0.01, respectively. Progeny performance and genetic distances in E. ulmoides
DISCUSSION
We revealed a significant positive correlation between genetic distances of parents based on SRAP markers or a combination of all 3 marker systems and performances of the progenies with respect to the height and basal diameter growth characteristics. The two traits were highly correlated. This suggests that high levels of heterozygosity provide advantages to progeny trees for growth characteristics. A similar result was reported by Dias et al. (2003) , who observed a significant positive correlation between the genetic distances of parents and performances of the progenies for yield traits in cacao. Moreover, significant correlations of a quadratic equation between the genetic distance of parents and height or basal diameter were established in Liriodendron (Li and Wang, 2002) and poplar (Li et al., 2008) .
Nevertheless, the parental genetic distance often failed to predict progeny performance. A decrease in the progeny performance was usually observed when crosses involved generally related parents, but only a slight increase in progeny performance was obtained when the genetic distance between the parents increased. For crop species, the predictive value of the genetic distance based on molecular markers is often restricted to crosses between parents from the same heterotic group and is not extended to crosses between different heterotic groups (Zhang et al., 1996; Devi and Singh, 2011) . In studies involving forest trees, a lack of association between genetic distance and various traits has generally been observed in Eucalyptus (Vaillancourt et al., 1995; Baril et al., 1997) and Salix (Kopp et al., 2002) ; this also holds for our study in E. ulmoides when the genetic distance was calculated by AFLP and ISSR markers.
Conflicting results could be a reflection of the different marker systems that were used and the rate of genome coverage. Yu et al. (2005) pointed out that many DNA markers were located in non-expressed regions or had little or no association with agronomically important traits and heterosis. Markers such as SRAPs were generally more tightly linked to expressed regions of the genome than markers such as AFLPs and ISSRs. Thus, they could presumably more accurately represent areas contributing to heterosis. In this study, when genetic distances were based on individual marker systems, their associations with progeny performances were less pronounced than when using a combination of marker systems. Genetic distances based on AFLPs and ISSRs were not as highly correlated with progeny performances as SRAP-based genetic distances. This is probably because of the low number of AFLP and ISSR markers used in this study and the lack of adequate genome coverage by these markers.
Estimates of genetic distances between the parental genotypes based on unselected DNA markers alone were not promising for predicting performance (Jaikishan et al., 2010) , and 10 "key" informative expressed sequence tag-SSR markers that showed a higher positive correlation with grain yield heterosis were recommended to predict heterosis in rice breeding programs. These findings were in agreement with theoretical results of Charcosset and Essioux (1994) , who attributed the low correlation between heterosis and genetic distance to no or only loose linkage of heterosis-affecting quantitative trait loci (QTL) to the molecular markers employed in estimating genetic distance. Effective prediction of progeny performance using molecular marker as suggested by Bernardo (1992) would be feasible only when a significant portion (30-50%) of the selected markers are linked with QTLs. In this present study, we found that the correlation coefficient between GD srap and height (0.425) indicated a moderately strong relationship (Figure 1) , so it is possible that some of the SRAP markers might be linked to QTLs for height. It is expected that this correlation might increase by add-ing more SRAP marker loci in the screening, which will increase the chance of association with additional QTLs.
Besides DNA markers, the prediction effect was affected by many other factors. First, the materials used to produce cross-combinations affected the prediction. Increasing the number of parental genotypes analyzed resulted in a significant relationship between the parental genetic distance and progeny performance in poplar (Li et al., 2008) . Second, the prediction effect varied with the traits, and the prediction effects of the traits with high heredity power were better than those of the traits with lower heredity power (Manjarrez-Sandoval et al., 1997) . For example, predictions of the basal diameter are more difficult than those of the height in this study. Third, most important traits of crops and trees are quantitative traits that are controlled by more genes and are easily affected by the environment; therefore, predictions of these traits might not be very effective.
No significant correlation between the genetic distance and SCA was noticed. This may simply be because the dominance variation for early growth was just too small in this factorial, which may change with age (Vaillancourt et al., 1995) . An SCA value with a higher magnitude than that of GCA confirmed breeding strategies in E. ulmoides that select primarily based on SCA to obtain more genetic gain in growth traits. Thus, confidence in the prediction of progeny growth performances using GD srap and GD total must be tempered because of the low correlation between genetic distance and SCA.
No significant correlation could be established between the genetic distance and within-family coefficient of variation. Speculatively, limitations in the experimental design, especially the small number of progeny per family, and differing numbers of progeny per family may have influenced the observed variability. The variability in height and basal diameter growth was not uniform across families in this study, and the observed variability appears to be due, at least in part, to genetic causes. This offered an opportunity to select within families for superior individuals that far exceed the mean family performance. However, genetic distances appeared to have little value in selecting parents whose progeny will be highly variable in the breeding program.
The relationships between genetic distances and progeny performances are complex because of the complexity of the genetic basis of heterosis (Zhang et al., 1996) . Fortunately, we have shown a significant and positive correlation between the genetic distance of the parents and growth performance of the progeny. This result represents a potential selection criterion in the breeding program if growth is the requested characteristic. Crosses should then be carried out between parents with a maximal genetic distance. Concerning other traits such as bioactive constituents and Eucommia rubber, investigations should focus on the identification of markers linked to QTLs involved in the expression of the characteristic that could lead to a marker-assisted selection scheme in E. ulmoides breeding programs.
